Abstract-To understand the biokinetics and potential risks of p,pЈ-dichlorodiphenyltrichloroethane (DDT) and its metabolites, p,pЈ-dichlorodiphenyldichloroethylene (DDE) and p,pЈ-dichlorodiphenyldichloroethane (DDD), in fish, we exposed the black sea breams (Acanthopagrus schlegeli) to aqueous and dietary DDTs and then evaluated the bioaccumulation, distribution, biotransformation, and elimination of DDTs under controlled laboratory conditions. The fish rapidly accumulated DDTs from both routes of exposure, particularly the gills and viscera. Elimination of DDTs following aqueous or dietary uptake was slow, and biotranslocation of DDTs was significant during the exposure period but negligible during the depuration period. The biotransformation process was more significant following dietary exposure. During depuration, DDE was the major biotransformed product in the sea breams' carcasses while DDD was the major product in the gills and viscera. However, DDD had a significantly higher elimination rate than DDE and, subsequently, the fish retained more DDE in the body. Intraspecies variability in the elimination and biotransformation processes in fish was observed. We demonstrated that the route of exposure significantly affected the fate and biokinetics of DDTs in fish. The application of a dynamic model provided a tool for quantifying the elimination and biotransformation of DDT in fish. The present study provided insights into the bioaccumulation and biotransformation pathways of DDT in fish that could have important ecotoxicological implications.
INTRODUCTION
Although the use of p,pЈ-dichlorodiphenyltrichloroethane (DDT) has been officially prohibited in many countries, DDT contamination is still a global concern due to the high persistence of DDT in the environment. DDT and its metabolites, p,pЈ-dichlorodiphenyldichloroethylene (DDE) and p,pЈ-dichlorodiphenyldichloroethane (DDD), are widespread in the environment and even detectable in some remote areas, such as the Arctic Ocean and deep-sea environments [1, 2] . China banned the production of technical DDT in 1983, but there has been no apparent trend of decreasing concentrations of DDT in the coastal environment of south China [3] . In addition to illegal use, DDT is still used for malaria control in China and in dicofol [4] and antifouling paints. Recent inputs of DDT have been recorded in many coastal areas in Asian countries, including China, Cambodia, India, Indonesia, and Vietnam [5] . Contamination of freshwater and marine fish by DDT has been found in many countries and regions, and the low ratio of DDE to DDT in the fish suggests that new DDT is still a problem in Southeast Asia [6] , where contaminated farmed seawater fish is of particular concern [7] . Thus, DDT is expected to remain a continual threat to wild and aquaculture fish, thereby raising the issue of the safety of fish consumption given that aquaculture and fishery products are the popular diets for many Asians. According to Food and Agriculture Organization of the United Nations [8; ftp.fao.org/fi/stat/overview/2001/ commodit/2001fisheryoverview.pdf], more than 80% of the global aquaculture production originates in Asia.
Bioaccumulation of DDT in fish [6, 7] and its biomagnifi-cations along the aquatic food chain have been well documented [9, 10] . Not only does DDT adversely affect the health status of fish, but it also poses a serious threat to human health [11] . Fish are known to metabolize DDT [12] , but the biological fate of DDT in fish is poorly understood because of the many complex biological processes that occur simultaneously in fish, such as the differential bioaccumulation and elimination of various DDT metabolites, biotranslocation of DDT among organs, and biotransformation of DDT. Partitioning and uptake kinetics of hydrophobic pollutants in fish may be characterized using the octanol-water partition coefficient or the bioconcentration factor [13, 14] ; however, these models have shown inaccuracy in quantifying the biokinetics and the biological fate of the compounds that undergo substantial biotransformation processes in the animals [15, 16] . In addition, toxicity generally occurs in tissues or organs that contain relatively small amounts of lipid (e.g., liver vs visceral fats) [13] and alteration in the form of the toxicant within the animals after exposure could have important toxicological implications because the biokinetics, mode of action, and toxicity of the metabolites could be very different from the parent compound [17] [18] [19] . For example, it is known that DDT and DDD act as xenobiotic estrogens but DDE is an antiandrogen. Therefore, to evaluate the potential risks of DDT and its metabolites, improving knowledge for the biotransformation pathway and the biokinetics of DDT in fish is important.
Recently, dynamic models have been employed to evaluate the biokinetics of toxic compounds that are susceptible to biotransformation, such as the paralytic shellfish toxins [19] . These modeling efforts may provide vital information on the future development of predictive ecological risk assessment models and give insight into the biotransformation pathway of toxic compounds within the animals. In the present study, we quantified the bioaccumulation, distribution, and elimination of DDT and its metabolites (DDD and DDE) in a marine fish. We compared the biokinetics of aqueous and dietary sources of DDTs in the fish. The marine black sea bream (Acanthopagrus schlegeli) was used as a model organism due to its economic importance in Asia. Following these experimental measurements, we then employed a dynamic model to evaluate the biokinetics of DDT in marine fish through aqueous and dietary exposure. To our knowledge, this is the first study to model the biotransformation of DDTs in aquatic organisms.
MATERIALS AND METHODS

Organisms, chemicals, and food preparation
The A. schlegeli (5.3 Ϯ 1.5 g wet wt, n ϭ 54) fish were obtained from a fish farm at Yung Shue O, Sai Kung, Hong Kong. After being brought to the laboratory, the fish were maintained in a flow-through system receiving natural coastal seawater collected from Clear Water Bay, Hong Kong, at 23ЊC and 30 practical salinity units, with continuous aeration. They were acclimated to laboratory conditions for 7 d and fed commercial shrimp during the acclimation and depuration periods at a ration of 2% wet wt.
The DDT was obtained from Sigma-Aldrich (St. Louis, MO, USA; product 386340). After serial dilution with acetone (high-performance liquid chromatography grade), DDT was stored at 4ЊC in the dark before use. For the dietary uptake experiment, the food (commercial shrimp) was spiked with 10 g/L of DDT (6 g in 600 ml of 0.2-m filtered seawater) for 24 h in the dark at 4ЊC with continuous shaking, and the solvent was gently dried prior to feeding to the fish. The food was subsequently analyzed for DDT and its metabolites (DDD and DDE).
Uptake and depuration of aqueous DDT in fish
Thirty-five fish were placed in a fish tank containing 200 L of seawater and receiving continuous aeration. Each day, the fish were fed commercial shrimp prior to exposure, and the excess shrimp were removed 2 h after feeding. The fish were first exposed to 500 ng/L of DDT, and the concentration of DDT was maintained by continuous refreshing from a stock solution at a rate of 250 ng/L/h using a peristaltic pump. The solvent to seawater ratio was less than 0.0002%. The fish were exposed for 7 d, followed by two weeks of depuration in a flow-through system. Feces were removed by a siphon tube daily, and half of the seawater was renewed during the uptake period. Three fish were sampled randomly (n ϭ 3) on days 1, 2, 3, 5, and 7 during exposure and on days 1, 3, 5, and 14 during the depuration period. The fish were dissected into gills, viscera (gastrointestinal tract and internal organs), and carcasses (head, muscular tissue, fins, skin, and bone); weighed; and then stored at Ϫ80ЊC immediately after dissection.
Uptake and depuration of dietary DDT in fish
Thirty-five fish were placed in a fish tank containing 200 L of seawater receiving continuous aeration. The DDT-spiked food was fed to the fish twice a day at a ration of 2% wet wt, and any unconsumed food was removed afterward. Water quality was monitored before and after feeding, and the aqueous DDT level was below the detection limit. The fish were exposed to spiked food for 7 d in the static system, followed by two weeks of depuration in the flow-through system. The food was replaced by nonspiked commercial shrimp during the depuration period. Half of the seawater was renewed daily, and feces were removed by a siphon tube. Three fish were sampled randomly (n ϭ 3) on days 1, 2, 3, 5, and 7 during exposure and on days 3, 5, 7, and 14 during the depuration period. Similarly, the fish were dissected into gills, viscera, and carcasses; weighed; and then stored at Ϫ80ЊC immediately after dissection.
Tissue extraction, sample cleanup, and chemical analysis
Fish tissues were freeze-dried before being ground into powder, and a known amount of tissue powder was weighed into a 50-ml centrifuge tube. Anhydrous sodium sulfate and 15 ml of methylene chloride were added and shaken for 30 min using a horizontal shaker. The mixture was then centrifuged at 2,000 rpm for 10 min. The supernatant was collected, and the sample was extracted two more times with 15 ml of methylene chloride. All the supernatants were combined and filtered by means of glass fiber filters, and the remaining extract was concentrated to approximately 5 ml using a rotary evaporator. The solvent was exchanged by adding 20 ml of hexane, then the volume was reduced to 1 ml. The lipid content was determined from an aliquot of the extract by reducing to dryness using gentle air blowdown.
Sample cleanup was similar to the methods described in U.S. Environmental Protection Agency method 3620c [20] . Briefly, the Florisil cartridge (Waters, Milford, MA, USA) was first preconditioned with hexane, followed by the addition of the samples, and was then eluted with acetone:hexane (10: 90, v/v). All reagents used were of analytical or high-performance liquid chromatography grade.
The identification and quantification of DDT, DDD, and DDE, and the procedure for quality assurance and quality control, were similar to the methods described by Cornish et al. [21] but had some modifications. The analysis of DDT, DDD, and DDE was carried out by a Hewlett-Packard 6890 series gas chromatograph equipped with both a microelectron capture detector installed with a DB-5MS capillary column (60 m length, 0.25 mm inner diameter, 0.25-m film thickness; J&W Scientific, Folsom, CA, USA) and an auto injector and sampler (Hewlett-Packard 7683 series). The oven temperature was programmed from 80ЊC at the beginning, held for 1 min, then increased to 210ЊC at a rate of 10ЊC/min; after that, it was increased to 250ЊC at a rate of 0.8ЊC/min and finally raised to 290ЊC at a rate of 10ЊC/min and held for 10 min. Injector and detector temperatures were set at 250 and 290ЊC, respectively. Procedural blanks were included to check for potential contamination. Standard reference material (SRM-2978; National Institute of Standards and Technology, Gaithersburg, MD, USA) was used to test the recovery of DDTs. Percentage recovery was over 80%, and no correction of data was made for the recovery.
Statistical analysis
One-way analysis of variance was used to test for differences in the accumulation of DDTs among organs (gills, viscera, and carcass), followed by a least significant difference test to identify the differences among groups. All statistical tests were performed using SPSS for Windows (ver 10; Chicago, IL, USA). Data were reported as means Ϯ standard deviation, and statistical difference was accepted at p Ͻ 0.05.
Model development
The general mathematical model employed in the present work was a two-level compartmental model, meaning that Table 1 . a Mean Ϯ standard deviation (n ϭ 10).
DDT from aqueous and dietary uptake was first input into the first-level (or upper-level) compartment, and DDT in the firstlevel compartment was then transferred to the second-level compartment. Regarding clearance, DDT from the first-level compartment could be either eliminated directly from the compartment (e.g., excretion) or transferred to the second-level compartment (e.g., biotranslocation). From the second-level compartment, DDT was solely eliminated from the compartment into the surrounding environment. In the present study, a two-level compartmental model with a single upper level (denoted as U) and two lower levels (denoted as A and B) was applied. The general compartmental scheme is shown in Figure  1a , with the parameters explained in Table 1 . The measured dry and lipid masses of different compartments of A. schlegeli in the aqueous and dietary uptake experiments are shown in Table 2 .
Because the uptake of DDT was linear in both aqueous and dietary uptake, the mathematical models developed in the present study focused primarily on the depuration phase, i.e., I ϭ 0. The differential equation governing the depuration for the upper compartment is:
The differential equation governing the depuration for the lower compartments is ( j ϭ A, B):
The time-dependent DDT concentrations in each of the three compartments during depuration with the initial conditions (on day 7), q U (0) ϭ and q j (0) ϭ , are, respectively:
The general two-level compartmental model was employed for both aqueous and dietary uptake. Aqueous DDT was mainly taken up by the gills and then transported to other parts of the body by means of blood [22, 23] ; therefore, for the develop-R.W.M. Kwong et al. ment of the aqueous uptake model, we took the gills (G) as the upper compartment and the viscera (V ) and the carcass (T ) as the two lower compartments. On the other hand, for the dietary uptake model, the viscera were taken as the upper compartment and the gills and the carcass as the two lower compartments.
In both the aqueous and the dietary uptake experiments, the complete model was complicated because DDT could be biotransformed and biotranslocated among various compartments, or vice versa. Based on our results (discussed later), biotranslocation of DDT among organs is not significant during the depuration period (i.e., k U ϭ 0). Therefore, we assumed that the biotranslocation processes were negligible during depuration. A modified compartmental model was then subsequently employed (Fig. 1b) . Effectively, for modeling with no biotranslocation in the depuration phase, all compartments could be treated as the first-level (or upper-level) compartments since there were no transfers among different compartments. As a result, Equations 1 and 3 were used.
For the dietary uptake, we also attempted to model the biotransformation processes due to the higher DDT metabolites observed during depuration period (see Results section). Under our assumption of negligible translocation among organs during depuration period, DDT, DDD, and DDE were only transformed among themselves within the same compartment, and the biotransformation processes occurred in each compartment independently. In addition, based on the biotransformation pathway of DDT in fish (DDT converts to DDE or to DDD [24] ), we could employ the two-level compartmental model as shown in Figure 1a to model the processes of biotransformation in each organ. Each DDT compound (DDT, DDE, and DDD) was treated as a subcompartment within each organ compartment (viscera, gills, and carcass), with DDT as the upper subcompartment and DDE and DDD as the lower subcompartments. The compartmental scheme for the biotransformation processes is illustrated in Figure 1c , and Equations 1 to 4 were used for the calculations. In the following, the term ''biotranslocation'' will refer to the transfer/distribution of DDT among organs, while the term ''biotransformation'' will refer to the conversion from DDT to DDE or to DDD.
RESULTS
Composition of DDTs and growth of fish
Total aqueous DDTs contained mostly DDT (65.7%), with 32.7% DDD and only a trace amount of DDE (1.6%). In the food, DDT was also predominant, accounting for 72.4%, while DDD and DDE accounted for 9.0 and 18.5%, respectively. No significant differences of dry and lipid masses of the fish between day 1 and day 21 ( p Ͼ 0.05) were found, suggesting neither positive nor negative growth in the three-week experimental period.
Accumulation and depuration of aqueous DDTs in fish
The concentrations of total DDTs (DDT, DDD, and DDE) in the gills, viscera, and carcasses increased linearly with the exposure time (Fig. 2a) . On the last day of exposure (day 7), DDTs in the gills and viscera were significantly greater than those in the carcasses ( p Ͻ 0.01), whereas no statistically significant differences between the gills and the viscera ( p Ͼ 0.1) were observed. The highest accumulation of DDTs followed the order of viscera Ͼ gills Ͼ carcasses. In the gills, total DDTs reached the highest concentration of 3,088 Ϯ 302 ng/g dry wt on day 7, whereas in the viscera and the carcasses, total DDTs reached the highest concentration of 3,686 Ϯ 1,270 and 1,676 Ϯ 555 ng/g, respectively, on the first day of depuration (day 8). Over the two-week depuration period, 55.2% of DDTs was eliminated from the gills, while only 38.9 and 31.2% of DDTs were eliminated from the viscera and the carcasses, respectively. Overall, 44% of the total DDTs was eliminated from the whole body after two weeks of depuration.
The DDT metabolites increased with exposure time during the uptake period, but the accumulation of DDT was markedly higher than that of DDD and DDE in all organs over the course of the experiment (Fig. 3) . Comparing the composition of DDTs in the water phase to that in the fish, DDT was markedly more pronounced in fish despite the considerable amount of DDD present in the dosage. Thus, both higher water concentration and higher uptake of DDT than DDD accounted for the levels in fish. The highest concentration of DDT was achieved on day 7 in all organs (2,765 Ϯ 267, 2,201 Ϯ 285, and 1,375 Ϯ 60 ng/g in the gills, viscera, and carcasses, respectively). During depuration, 54.3 and 42.9% of DDT were lost from the gills and carcasses, respectively, whereas only 34.2% of DDT was removed from the viscera. The majority of total DDTs was confined to the viscera during the aqueous uptake period (Fig. 4) , accounting for 50.7% on average; 36.0% of DDTs was in the gills, and only 13.4% was observed in the carcasses. The proportion of total DDTs decreased in the viscera while it increased in the carcasses with increasing exposure time; however, the distribution of DDTs among organs was steady over the depuration period; 38.5, 36.6, and 24.9% of DDTs were distributed in the viscera, gills, and carcasses, respectively, over the depuration period.
Accumulation and depuration of dietary DDTs in fish
The DDTs increased linearly with the exposure time and reached the highest concentrations on the last day of exposure (day 7; Fig. 2b )-except in the gills, where the highest DDTs concentration was recorded on the third day of exposure. On day 7, concentrations of DDTs in the gills, viscera, and carcasses were 2,083 Ϯ 716, 3,803 Ϯ 500, and 1,359 Ϯ 113 ng/g, respectively. The order of accumulation upon dietary exposure is similar to that following aqueous uptake (viscera Ͼ gills Ͼ carcasses). In addition, the concentration of DDTs in the viscera was significantly greater than in the gills and the carcasses on day 7 ( p Ͻ 0.01), whereas no statistically significant difference between the gills and the carcasses ( p Ͼ 0.1) was found. The total DDTs decreased gradually during the subsequent depuration period. Elimination of DDT from the viscera was the slowest; only 33.8% was lost over two weeks of depuration. In contrast, the removal of DDTs from the gills and the carcasses was 42.0 and 54.2%, respectively. Overall, only 38% of the total DDTs was eliminated from the whole body after two weeks of depuration.
The most dominant compound in all organs was DDT, and it increased over the exposure period, followed by a decrease during the depuration period (Fig. 5) . On day 7, DDT reached 1,672 Ϯ 680, 3,186 Ϯ 432, and 1,119 Ϯ 79 ng/g in the gills, viscera, and carcass, respectively. Elimination of DDT was greater than elimination of the other metabolites (DDD and DDE). Over the depuration period, DDT loss from the gills, viscera, and carcasses was 58.9, 45.4, and 75.9%, respectively. In contrast, concentrations of DDE and DDD increased gradually during the depuration period, especially in the viscera. The majority of total DDTs was confined to the viscera during the exposure period, which accounted for 46.5% on average (Fig. 4) . A considerable amount of DDTs was also allocated in the gills, accounting for 41.9%, while only 11.6% of DDTs was distributed in the carcasses. The proportion of DDTs in the gills decreased, while that in the carcasses increased with increasing exposure time. Nevertheless, the proportion of DDTs in each organ was steady over the depuration period, suggesting no reallocation of DDTs among organs occurred during the depuration period. Over the depuration period, 48.2, 33.7, and 18.1% of DDTs were distributed in the viscera, gills, and the carcasses, respectively.
Model fitting of aqueous uptake
The experimental data were fitted using user-defined expressions in the nonlinear curve fit program, Microcal Origin (ver 6.0; OriginLab, Northampton, MA, USA), with the parameters of interest as the user-defined parameters. Modeling the biokinetics of aqueous DDT uptake in fish involved a single compartment because the biotranslocation among compartments was negligible during the depuration period (see previous discussion); therefore, Equations 1 and 3 were used. The best-fit plots are shown in Figure 6 , and the fitted parameters are summarized in Table 3 . The q V , q G , and q T variables represent the DDT concentrations in the viscera, gills, and carcasses, respectively, while T , E , and D represent the removal rates of DDT, DDE, and DDD, respectively, from each compartment.
The q 0 values obtained from the fitted model were comparable to the actual measurements. These results provided additional evidence that the maximum accumulations of DDT in the gills and viscera were significantly greater than the maximum accumulation in the carcass. The values showed that the depuration of DDT in the gills was comparatively faster while the removal rates of DDT from the viscera and the carcass were similar. In addition, it is worth noting that there were significant differences between the values for DDT and those for its metabolites in various compartments, suggesting differential elimination of each DDT compound. Elimination of DDE was the slowest among the DDT compounds in the viscera and carcasses; removal of DDD was comparatively faster.
Model fitting of dietary uptake
The model fitting for dietary DDT uptake was complicated because, unlike for aqueous DDT uptake, metabolites (DDD and DDE) were significantly higher after dietary exposure. Therefore, a two-level subcompartmental model was employed (as shown in Fig. 1c) and Equations 1 to 4 were used to model the biotransformation processes. The DDT subcompartment was the first-level compartment, while the DDE and DDD subcompartments were the second-level compartments. Results from the modeling efforts are shown in Figure 7 , and the fitted parameters are summarized in Table 4 . The f E T and f D T variables signify biotransformation from DDT to DDE and DDD, respectively. The T variable is the total removal rate from the DDT compartment. Theoretically, due to the conservation of DDT, we should have
. This condition was fulfilled for all our studied cases, which indicates that our model is realistic and the results are reliable.
The q 0 values determined from the fitted model were comparable to the actual measurements. Interestingly, DDE in all compartments and DDD in the viscera increased over the depuration period (Fig. 7) . Results obtained from the biokinetic model (Table 4) showed that 87% of DDT in the carcasses was biotransformed to its metabolites during depuration. The majority of DDT in the carcasses was biotransformed to DDE (79%), whereas only 8% of DDT was biotransformed to DDD. On the other hand, 44 to 51% of DDT in the viscera and the gills was biotransformed to its metabolites during depuration, while the biotransformation from DDT to DDD was apparently higher than that from DDT to DDE in these organs (in the viscera and the gills, DDT to DDD was 35-37%, while DDT to DDE was 8-15%). However, DDD was characterized by significantly higher removal rates than was DDE, while negative removal rates of DDE from the viscera and gills suggested no elimination of DDE occurred over the depuration period (Table 4) .
DISCUSSION
Aqueous uptake
In the present study, both routes of DDT uptake (gills and gastrointestinal tract) and differences in the biokinetics of DDTs in fish following aqueous and dietary exposure were evaluated. We observed that the aqueous DDTs were mostly DDT but also contained a comparatively high proportion of DDD. It is reported that DDT in seawater can be degraded to its metabolites photochemically and/or microbially, with DDD being the major metabolite [12] . Therefore, the elevated DDD concentration in the aqueous medium could mimic the realistic conditions in natural environment. R.W.M. Kwong et al. Table 4 . Summary of the results for dietary uptake of DDT, DDE, and DDD during depuration, including the concentrations at the end of exposure, the removal rates from different subcompartments, and the transfer coefficients from the DDT subcompartment to the DDE and DDD subcompartments ab DDT DDE DDD Viscera (ng/g) q V0 2,980 Ϯ 360 141 Ϯ 33 223 Ϯ 179
Gills (ng/g) q G0 2,240 Ϯ 390 59.1 Ϯ 18.5 521 Ϯ 262
Some previous studies demonstrated that the main route of DDT exposure was aqueous uptake [10, 22, 25] . In the present study, the fish accumulated DDTs rapidly during the aqueous exposure period, and the concentrations of DDTs in each organ did not reach the steady state by the end of the 7-d exposure period. Apparently, DDT was taken up from the water and distributed among the organs quickly, and allocation from the gills to the viscera was notably more significant than to the carcasses during exposure period. In addition, we observed that the total DDTs in the gills and viscera were significantly higher than the total in the carcasses, which could be attributed to the fact that these organs were the initial sites of exposure, considering that gastrointestine could also be an important route for accumulating pollutants in marine fish [26] . Thus, the high accumulation of DDTs in the viscera could be due to water drinking, at least partly.
Elimination of total DDTs from the fish after aqueous exposure was notably slow, e.g., only 44% of the total DDTs was eliminated from the whole body after two weeks of depuration. Previous studies also demonstrated that elimination of DDT was rather slow and inefficient in marine fish [10] . During depuration, removal of total DDTs from the gills was comparatively faster than from other organs. In addition to blood circulation and DDT reallocation to other organs, the gills were a potential organ for eliminating organic compounds [27] , thus contributing to a higher removal rate of DDTs from the gills. On the other hand, the concentrations of DDT metabolites (DDE and DDD) were found to be low over the whole course of the experiment, which might be due to slow DDT metabolism or conversion in fish. However, increase in the ratio of DDE to DDT after long-term depuration could be expected due to its slower elimination rates, especially in the viscera and carcasses.
The major constituent in all organs was DDT, among other compounds (DDE and DDD), although considerable amounts of DDD were also present in the aqueous medium. Therefore, the possibility of preferential or selective accumulation of DDT compounds could not be excluded. In fact, DDD is the least lipophilic compound among all DDT compounds and thus might have a lower bioaccumulation. Concentrations of DDT in the viscera and gills were higher when compared to concentrations in the carcasses, while its retention ability in the viscera was significantly higher than in the gills, with a slow elimination rate. Thus, DDT was absorbed by means of the gills under waterborne exposure, and it was quickly translocated to other parts of the body by means of blood circulation, in which DDT was preferentially retained in the viscera. However, during the depuration period, the proportions of total DDTs in each organ were relatively steady, probably due to the slow biotranslocation process among organs after storage in the fatty tissue.
Dietary uptake
Trophic transfer is a significant process in the accumulation of DDT by marine fish due to its high dietary assimilation efficiency [10] . Similarly, we demonstrated that the dietborne DDT was rapidly taken up by the fish, whereas accumulation and elimination varied among organs. Elimination of total DDTs from the fish after dietary exposure was slow; only 38% of the ingested DDTs was eliminated from the whole body after two weeks of depuration, which was comparable to the aqueous exposure (i.e., 44%). The orders of accumulation among organs following either aqueous or dietary exposure were similar (viscera Ͼ gills Ͼ carcasses). The viscera not only accumulated the highest amount of DDTs but also had the slowest elimination among other organs (31-34% over two weeks of depuration). It is interesting to note that the removal rates of DDT in the present study ranged from 0.03 d Ϫ1 (aqueous exposure) to 0.06 d Ϫ1 (dietary exposure), while Wang and Wang [10] previously reported that the removal rates of DDT for aqueous and dietary exposure in the mangrove snappers were 0.028 and 0.002 d Ϫ1 , respectively. The higher removal rate constant after dietary exposure in the present study could be attributed to the fact that different species may have different capacities to eliminate contaminants. The food matrix provided in the dietary experiment, as well as the experimental conditions during the depuration phase, may also contribute to such differences. In addition, Wang and Wang [10] used a radiotracer technique in which the radioactivity of total DDTs (DDT, DDD, and DDE) was recorded and no biotransformation was assumed (short-term exposure), whereas substantial biotransformation from DDT to its metabolites following dietary exposure was observed in the present study (discussed later), thereby contributing to the higher clearance of DDT. These findings suggested that the biotransformation process could markedly alter the elimination rates of DDT. Compared to Wang and Wang [10] and our own results, Muir, Hobden, and Servos [28] reported a much lower removal rate constant after aqueous exposure (0.009 d Ϫ1 at 10ЊC). Apart from the differences in species, the temperature may play an important role in the elimination of organic pollutants in fish [29] .
In contrast to aqueous DDT uptake, significantly higher DDT metabolites (DDE and DDD) were observed under dietary DDT exposure, especially in the viscera. This can be explained by the differences in the circulation pathway after absorption. Dietborne DDT was absorbed by the intestine and then transferred to the liver. The liver is known to have high capacity for metabolism and biotransformation; hence, more DDT metabolites would result from dietary exposure. It is interesting to note that the spiked food contained a higher ratio of DDE to DDD, whereas accumulation of DDD in the gills and viscera was always higher than that of DDE, and DDD in the viscera gradually increased over the depuration period. Since the absorption of DDD is expected to be lower than that of DDE due to its lower lipophilicity, the elevated DDD concentrations in the gills and viscera likely originated from the biotransformation process. Our modeling efforts corroborate these observations. Results from the dynamic model revealed that considerable amounts of DDT in the gills and viscera were biotransformed to DDD whereas DDT was biotranformed to DDE in the carcasses after dietborne exposure (discussed later). It is known that DDT can be transformed to DDD through dechlorination and to DDE through dehydrochlorination; however, the biotransformation pathway of DDT and its mechanism in fish is poorly understood. Few potential pathways have been suggested in fish. Malone [30] suggested that the elevated DDD concentrations in the gut of the fish could be attributed to intestinal microflora, which has been shown to play an important role in the dechlorination process of DDT to DDD, thereby increasing DDD body level through dietary exposure of DDT. Kitamura et al. [31] demonstrated that dechlorination of DDT to DDD in fish can occur in the liver and the blood, which is mediated by hemoproteins. These potential pathways may account for the elevated DDD concentrations in the viscera and gills. On the other hand, we observed that concentrations of DDE increased in all organs over the depuration period. The mixed-function oxidase was likely responsible for the dehydrochlorination process of DDT to DDE in fish, which elevated the concentration of DDE in the body of the fish following ingestion and blood circulation [12] . Our findings corroborate with the potential metabolic pathways suggested in fish and further strengthen the conclusion that the biotransformation processes, and thereby the bioaccumulation of each DDT metabolite, vary among organs.
CONCLUSION
Earlier models, such as partitioning coefficient and bioconcentration factors, have shown to be promising in predicting uptake kinetics of nonionic hydrophobic organic compounds in fish [13, 14] , and these models are generally used in the risk assessment of environmental contaminants. However, these models are based primarily on the physical-chemical properties of the compound and have limitations in evaluating compounds, which are susceptible to substantial biotransformation. Inaccuracies in predicting the metabolites from these models have been reported [15, 16] . It is evident that biotransformation can play an important role in modifying bioaccumulation, and many studies have demonstrated that biotransformation could significantly affect the fish bioconcentration factor [32, 33] , as well as the elimination rates of the compounds [34] [35] [36] . Therefore, incorporation of biotransformation in ecological risk assessment is essential. In addition, the biokinetics of the metabolites may vary significantly from the primary compound after exposure, which could have important toxicokinetic implications, where each biotransformed product may have different toxicities and biological fates [18, 19] . In our modeling efforts, for example, we observed that conversion from DDT to DDE may increase the retention time of the toxic compounds in the animals, which may pose a potential adverse consequence. In contrast, conversion from DDT to DDD in fish was likely an additional pathway of facilitating elimination, as the elimination rate of DDD was markedly higher than that of DDT under either aqueous or dietary exposure, especially from the gills. However, few attempts have been made to model and quantify the biotransformation processes of organic compound in fish [37] .
In the present study, we employed a dynamic model to quantitatively evaluate the biokinetics of DDTs in fish. The fitted parameters, in particular the transfer coefficients, provide valuable information on the biotransformation from DDT to DDE and DDD in A. schlegeli. To the best of our knowledge, this is the first study to reveal the detailed pathways for bioaccumulation and biotransformation of DDTs in various organs of a fish. From the kinetic models, we observed that during the depuration period a considerable proportion of DDT was biotransformed to DDE or to DDD in the fish under dietary exposure, while the biotransformation capacity and pathway varied among organs. Much DDT was biotransformed to DDE in the carcasses, whereas DDD was likely the major biotransformed product in the viscera and gills. However, we observed that DDD was characterized by a significantly higher elimination rate, whereas no apparent elimination of DDE from the gills and viscera during the depuration period was recorded. Therefore, the high biotransformation from DDT to DDE in the carcasses and the gradual biotransformation from DDT to DDE in the viscera and the gills, together with the high retention ability of DDE, may explain the common observation that fish retain DDE in their bodies from the DDT compounds in the contaminated environment. In our modeling efforts, the variability in the transfer coefficients and the removal rates were quite large for the DDE and DDD subcompartments. The reasons for this are threefold. First, as inferred from Equation 4 , there is interdependency between these two parameters. Second, three parameters have to be fitted from four to five data points during depuration, and these data points are sometimes scattered. Third, there could be high intraspecies variability in the biotransformation and elimination processes [38] .
The present study highlights the value of a dynamic model as a reliable tool for quantifying the elimination and biotransformation of DDT and provides valuable insights into the biotransformation pathways in fish. In addition, we demonstrate that the route of exposure significantly affected the fate and biokinetics of DDT in fish, which could have important toxicological implications. Our results indicate that the biotransformation process of DDT in fish was more significant upon dietary exposure than following aqueous uptake and that the process markedly alters the biological fate of DDT in fish. The present modeling efforts also provide the groundwork for a more sophisticated model when more data are available. Future development of the model could incorporate parameters such as growth rate, fecal egestion, and gill elimination. More organ compartments and metabolites, and the possible redistribution of the metabolites, could also be included in the model.
